Discovering ways to control the magnetic state of media with the lowest possible production of heat and at the fastest possible speeds is important in the study of fundamental magnetism 1-5 , with clear practical potential. In metals, it is possible to switch the magnetization between two stable states (and thus to record magnetic bits) using femtosecond circularly polarized laser pulses 6-8 . However, the switching mechanisms in these materials are directly related to laser-induced heating close to the Curie temperature 9-12 . Although several possible routes for achieving alloptical switching in magnetic dielectrics have been discussed 13,14 , no recording has hitherto been demonstrated. Here we describe ultrafast all-optical photo-magnetic recording in transparent films of the dielectric cobalt-substituted garnet. A single linearly polarized femtosecond laser pulse resonantly pumps specific d−d transitions in the cobalt ions, breaking the degeneracy between metastable magnetic states. By changing the polarization of the laser pulse, we deterministically steer the net magnetization in the garnet, thus writing '0' and '1' magnetic bits at will. This mechanism outperforms existing alternatives in terms of the speed of the write-read magnetic recording event (less than 20 picoseconds) and the unprecedentedly low heat load (less than 6 joules per cubic centimetre).
) with a cubic lattice and two antiferromagnetically coupled spin sublattices of Fe 3+ in both tetrahedral and octahedral sites 21 . The dopant Co 2+ and Co 3+ ions replace Fe 3+ in both types of sites 22 . These Co ions are responsible for the strong magnetocrystalline 21 and photo-induced magnetic anisotropy 13, 20 as well as for the very large Gilbert damping 23 α = 0.2. In an unperturbed state at room temperature, the equilibrium orientation of the magnetization is defined by cubic (− 8.4 × 10 3 erg cm −3 ) and uniaxial (− 2.5 × 10 3 erg cm −3 ) anisotropy, which favour orientation of the magnetization along one of the body diagonals of the cubic cell (the < 111> axes) and perpendicular to the [001] axis, respectively. It results in four easy magnetization axes which are slightly inclined from the body diagonals, as shown in Fig. 1 . To distinguish between different magnetic domains, we used a garnet film with a miscut of about 4°. In Fig. 1 , the large stripe-like domains have magnetizations along M (L) + near the [1− 11] axis and M (L) − near the [11− 1] axis and the small labyrinth-like domains have magnetizations along M (S) + near the [111] axis and along M (S) − near the [1− 1− 1] axis.
To investigate the feasibility of switching with linearly polarized light in YIG:Co, we employed the technique of femtosecond magneto-optical imaging using a pump laser pulse with duration of 50 fs (see Methods and Extended Data Fig. 2 ). The images of magnetic domains were taken before and after the excitation with a single pump axes, measured at zero magnetic field with a magneto-optical polarizing microscope. Owing to a miscut of the gadolinium gallium garnet substrate by 4°, the degeneracy between the states is partly broken and different magnetic domains cover non-equivalent volumes at zero external magnetic field 22 . The pattern shown at top, with all four magnetization states (M (L) + , M (L) − , M (S) + , M (S) − ), can be obtained as follows. First, the sample is brought into the M (L) + state by an external magnetic field of μ 0 H = 80 mT applied along the [1− 10] direction. Second, the field is removed and the sample turns into a state with M (L) + and M (S) − domains. Third, a magnetic field μ 0 H = 2 mT applied for a short time along the [110] direction favours M (L) − domains and results in the final pattern. After the magnetic field is removed, the pattern stays unchanged for several days at least. Magnetization orientations in the domains and type of the domain structure have been identified following the procedure in ref. 22 . 
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laser pulse (see Fig. 2a ). Taking the difference between the images emphasizes the photo-magnetic changes and is used for detailed analysis. Light can lift the degeneracy between the domains by generating photo-induced magnetic anisotropy 24 . In our case, pumping the initial pattern of magnetic domains with a single laser pulse polarized along the [100] axis (φ = 0°) turns large white domains (M (L) + ) into large black ones (M (L) − ). Simultaneously, small black domains (M (S) − ) turn into small white ones (M (S) + ) (see Fig. 2a ). The domain pattern stays remarkably unperturbed; only the contrast reverses. The initial state can be restored by pumping with a single laser pulse polarized along the [010] axis (φ = 90°). The recorded domains are stable for several days owing to the non-zero coercivity of the garnet film at room temperature (see Fig. 2b ). The initial domain pattern can be also restored by a brief application of an in-plane magnetic field of the order of 80 mT. The symmetry of the observed all-optical switching suggests that the point group of the crystal is 4 (see Methods). Although it is expected that the point group of the (001) garnet surface is 4 mm, the actual symmetry can be lowered either by the magnetization component along the [001] axis or simply by distortions during its growth 25 .
The minimum pump fluence required for magnetic recording in YIG:Co is very sensitive to the wavelength of the pump pulse. The switched area estimated from the magneto-optical images is plotted as a function of the pump fluence for different pump wavelengths (see Fig. 3 ). The wavelength was varied within the range 1,150-1,450 nm (1.08− 0.86 eV), where the light resonantly excites electronic d− d transitions in Co ions 26 . In the studied YIG:Co film, a resonant pumping of the transitions in Co 3+ and Co 2+ ions at the tetrahedral sites at 1,305 nm (ħω = 0.95 eV) 27 is accompanied by absorption a of about 12% of the light energy (Extended Data Fig. 1 ). The spectral dependence in Fig. 3 reveals a pronounced resonant behaviour around this energy. It can be seen that the minimum pump fluence required to form a domain is about I min = 34 mJ cm −2 . This means that the magnetic recording is a result of absorption of about aI min /ħω ≈ 3 × 10 16 photons per cm 2 . Given that the film is d = 7.5 μ m thick, the absorbed photons required for the switching of the magnetization in a given volume would be about 10 19 cm −3 , corresponding to depositing aI min /d ≈ 6 J cm −3 of heat. For instance, recording a bit with size 20 nm × 20 nm × 10 nm would be accompanied by dissipations of just 22 aJ (about 5,300 kT). To the best of our knowledge, this is much lower than for all-optical switching of metals (10 fJ) 28 , existing hard-disk drives (10− 100 nJ) 16 , flash memory (10 nJ) 17 or spin-transfer torque random-access memory (450 pJ− 100 fJ) 18 .
Finally, we studied ultrafast dynamics of the magnetization switching, employing time-resolved single-shot magneto-optical imaging (see Extended Data Fig. 2 ). The magnetic domains were recorded with a single pump pulse and imaged with a single 40-fs unfocused probe pulse with a central wavelength of 800 nm. After each write-read event the recorded domains were erased by application of an external magnetic field of 80 mT in the [1− 10] direction. Similarly to static magneto-optical imaging, reference images were taken before each pumping (that is, at negative time delay). This image was subtracted from that obtained at a given pump-probe delay. Varying the time delay Δ t, a series of the magneto-optical images were obtained (see top inset in Fig. 4 ). To quantify the dynamics of the laser-induced changes we took an integral over the pumped area, normalized the data and plotted the result as a function of time delay between the pump and probe pulses. It can be seen that the recorded domain emerges with a characteristic time τ of about 20 ps and stabilizes after about 60 ps. For the recording and reading out, we used just two femtosecond laser pulses; to the best of our knowledge this experiment is the fastest-ever write-read magnetic recording event 9 . Unlike all-optical magnetic switching in metals [6] [7] [8] [9] [10] [11] , the recording in transparent dielectrics does not require any destruction of magnetic order and operates without ultrafast heating of the medium up to the Curie point.
The time of 60 ps taken for the switching is in very good agreement with a quarter-period of the laser-induced precession of magnetization in YIG:Co film (see Extended Data Fig. 3 ). Therefore it is reasonable to suggest that, unlike all-optical switching in metals 9 , the mechanism of the spin switching in garnets proceeds via the precession of the net magnetization. In this scenario, to switch the magnetization from the initial This means that the magnetization will start precession around a direction somewhere in between these M (L) − and M (S) + states. When started from M (L) + , after about 60 ps, that is, after the first quarter of the precession period equal to 250 ps (see Extended Data Fig. 3a ), the magnetization vector will be closer to the M (L) − state. If, at this moment, owing to relaxation of the photo-excited electrons, the initial magnetic anisotropy is restored, the magnetization will start to precess around the M (L) − direction, eventually arriving at this metastable state on a timescale defined by the damping of the oscillations. In reality, in YIG:Co film, the lifetime of the photoinduced anisotropy at room temperature is also of the order of 60 ps (ref. 13 ) and the damping is indeed very large (see Extended Data Fig. 3a) . As a result, the magnetization in large domains moves along a trajectory from the initial M (L) + state to the new metastable state M (L) − (see inset in Fig. 4 ). The switching of small domains between M (S) + and M (S) − occurs simultaneously and in the same fashion. From the orientation of the linear polarization of the pump light, which results in the recording, it can be concluded that the photo-induced anisotropy originates from optical excitation of Co ions at tetrahedral sites 13 . Note that the amplitude of the spin precession induced by light (see Extended Data Fig. 3b ) is also at maximum when the linear polarization of light is along the [100] or the [010] axes, thus supporting the mechanism described above.
The mechanism operates at room temperature and outperforms existing write-read events, accompanied by an unprecedentedly low heat load. Even faster switching can be anticipated if the photoinduced magnetic anisotropy is enhanced when the temperature is decreased 20 or when iron is substituted by ions more anisotropic than cobalt ions.
We anticipate that magnetization switching caused by this photomagnetic phenomenon will open up many opportunities for the design and development of materials and methods in the field of optomagnetic recording. For instance, using the photo-magnetic garnet as a recording medium has similarities to heat-assisted magnetic recording, but without the need for much heat or for an electromagnet. Furthermore, it is known that magnetic anisotropy in garnet films can also be controlled by electric fields 29 . Tuning the strengths of the magnetocrystalline, photo-magnetic and electrically induced anisotropies such that switching is possible only under simultaneous electric field and light seems to enable faster and less dissipative magnetic random access memory.
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The expected point group for the (001) surface of the garnet is 4 mm, for which 31 χ yyyx = χ xxxy = χ xxyx = χ yyxy = 0. However, a non-zero magnetization along the [001] axis, that is, M z , effectively lowers the symmetry down to 4. The symmetry of the as-grown (with defects) garnet films can also be lowered simply owing to distortions during growth 25 .
For point group 4 χ yyyx = − χ xxxy and χ xxyx = − χ yyxy (ref. 31). Assuming that A = χ xxxy + χ xxyx , equation (1) can be simplified to:
x x x y y y x y L Assume that A < 0. In this case, under illumination of the garnet with light linearly polarized along the [100] direction the thermodynamic potential will be minimized if M y > 0. Hence, such an excitation will promote switching of large white domains (M (L) + ) into large black ones (M (L) − ). Simultaneously, small black domains (M (S) − ) will be switched into small white ones (M (S) + ). If the light is polarized along the [010] axis, the thermodynamic potential is minimized when M y < 0 and it means that the photoexcitation will promote switching of the magnetization in the large and small domains back into the M ( 
